Abstract Purpose: To determine if complexation with β-cyclodextrin (β-CD) increases water solubility and subsequent bioavailability of nelfinavir mesylate (NM
INTRODUCTION
Nelfinavir mesylate (NM) is an HIV (human immunodeficiency virus) protease inhibitor which results in production of immature, non-infectious virus during the replication and release life cycle of the virus [1] . Compared to all other protease inhibitors, NM is usually prescribed at a higher than required dose of 1250 mg twice daily for adults [2] . A major drawback in therapeutic application and efficacy of NM in oral administration is its poor water solubility, resulting in poor bioavailability.
Orally administered drugs are assigned the Biopharmaceutics Classification System (BCS) on the basis of solubility and permeability characteristics. NM is a BCS class IV drug [3] . Efforts are in progress to increase its solubility and thereby NM's bioavailability to reduce its dose [4] .
Cyclodextrins have been extensively studied with the aim of improving solubility, dissolution and bioavailability of poorly soluble drugs. Cyclodextrins have an internal cavity resembling a truncated cone. The special feature of a cyclodextrin is that its internal cavity is hydrophobic while the entrance of the cavity is hydrophilic. Due to this feature, drug molecules complexed with cyclodextrins have increased water solubility [5] . This feature can also alter the physicochemical properties of guest molecules [6] . Enhanced bioavailability with cyclodextrin is observed due to its drug entrapment property [7] . Entrapped drugs are more stable in the form of complexes due to this added protection from the external environment [8] .
Of all cyclodextrins, β-CD is the most widely used for increasing water solubility of otherwise hydrophobic drugs. The ease of its synthesis and low price are key factors for its popularity [9] . Cyclodextrin complexation of NM with β-CD using diverse methods such as solvent evaporation, kneading and ball milling have resulted in increased solubility of NM [10, 11] . However, these studies have not addressed NM's pharmacokinetic profile including bioavailability. The present study uses the freeze drying and other methods to prepare NM-βCD complexes, and reports the results of its water solubility and pharmacokinetic profile.
EXPERIMENTAL Materials
Nelfinavir mesylate was received as a gift sample from Aurobindo Pharma, Hyderabad, India. Diazepam was procured from INTAS Lab Pvt Ltd, Ahmedabad, India. β-Cyclodextrin was obtained from Hetero Labs Ltd, Bangalore, India. Acetonitrile and methanol (HPLC grade) were procured from Merck Laboratories Pvt Ltd, Mumbai, India. All other reagents and solvents used were of analytical grade.
Solubility studies
The solubilities of NM and NM/β-CD mixture were determined between pH 1.2 and 7.4 by shake-flask method. For the same, an excess amount of NM or NM β-CD was placed in 10 ml vials to which 3.0 ml of different solutions (pH 1.2, 4.5, 6.8 and 7.4) and distilled water were added. These vials were incubated in a shaking water bath (orbital shaker incubator, Remi Laboratory instruments, India) set at 150 rpm for 24 h at 37 °C. Thereafter, samples were centrifuged in an Eppendorf Centrifuge Model 5043 at 23,000 x g for 15 min to separate the solid material from the solution and analysed by HPLC after appropriate dilution. [12] .
Preparation of NM β-CD complex
Inclusion complex of NM and β-CD was prepared in 1:1.5 molar ratio of NM and β-CD based on the phase solubility study reported by Vavia et al [11] . For the phase solubility study, excess of NM (in quantities exceeding its aqueous solubility) was added to aqueous solutions containing different concentrations of β-CD ranging from 2 mM to 15 mM. The mixtures were mechanically stirred at 200 rpm for 48 h at room temperature followed by filtration through 0.2 μm filter and evaluated for NM content using UV spectrophotometry. The apparent stability constant K was estimated from straight line of phase solubility plot according to the equation of Higuchi and Connars (Eq 1) [13] . K = Slope/S(1-Slope) ……………………… (1) where S is the solubility of NM in the absence of β-CD.
Co-evaporation method
The complex (NC-01) was prepared in 1:1.5 molar ratio of NM and β-CD. A solution of β-CD was prepared by dissolving β-CD (1702 mg) in water. NM (666 mg) solution was prepared in methanol. The NM solution and β-CD solution were then mixed together. The solution was stirred magnetically for 1 h at 70-80 ºC and dried to obtain a powder. The precipitated complex was pulverised, sieved (# 60) and stored in a desiccator [14, 15] .
Freeze-drying method
The freeze-dried product (NC-02) was prepared by dissolving β-CD (4256 mg) in water and adding the stoichiometric amount of NM (1667 mg). The resulting solution was frozen and freeze dried at -45 o C and 45 m Torr for 48 h. The lyophilized powder was stored in tightly sealed container inside a desiccator until use [16] .
Kneading method
β-CD (NC-03, 4256 mg) was placed in a mortar and wetted with ethanol-water mixture (1:1 v/v). Trituration was continued and it was kneaded to a paste consistency. NM (1667 mg) was added and kneaded for 60 min with successive addition of ethanol-water mixture to obtain the desired paste consistency. The formed complex was dried in vacuum oven for 24 h at 50 o C. Dried product was scraped, passed through a 60# mesh sieve and stored in a desiccator until further use [14, 16, 17] .
Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectra of the selected complex NC-02) were recorded on a FTIR 8300 Spectrophotometer (Shimadzu, Japan) by KBr disk method. The scanning range was 4000 to 400 cm -1 .
In vitro dissolution studies
In vitro dissolution studies of the plain NM and the complexes were carried out using USP Type II dissolution apparatus (Electrolab, India). Dissolution of powders equivalent to 10 mg of NM was studied in 0.1 N HCl. Dissolution medium (900 ml) was taken and maintained at 37.0 ± 5 ºC. Paddles were rotated at 50 rpm. Samples were removed at different time intervals, filtered through Whatman filter paper and analysed for percent drug release by HPLC.
HPLC analysis of NM
The analytical method for NM was developed and validated as per the ICH Q2 (R1) guideline [18] . where F is the absolute bioavailability Difference in the pharmacokinetic parameters of NM was evaluated using unpaired t-test (p = 0.05) with graph pad prism. Results are expressed as mean value ± SEM.
Extraction of drug from plasma
The bioanalytical method was validated as per FDA guidelines. The plasma concentration of NM was determined by RP-HPLC. Ten μL of diazepam (I.S.) solution (40 µg mL -1 ) was added to 90 μL plasma standard or sample followed by 200 μL of 50 mM potassium dihydrogen phosphate buffer of pH 3.2. The sample was vortexed for 30 s and the drug was extracted by addition of 1.8 ml of TBME (Tertiary butyl methyl ether). The mixture was once again vortexed and centrifuged at 2500 × g for 10 min. The organic phase was collected and evaporated to dryness at 55 °C under a gentle stream of nitrogen. The dried residue was reconstituted with 200 μL of mobile phase (acetonitrile: 25.0 mM KH 2 PO 4 , pH 3.2 (50:50 % v/v) and vortexed for 1 min. The supernatant was collected into a 250 μL vial-insert and 50 μL was injected into the HPLC system.
RESULTS

Selection of complex
Complexes obtained by solvent evaporation (NC-01) and kneading method (NC-03) were in the form of lumps and off white in color. In case of freeze dried product (NC-02) texture was free flowing and white in color. Hence, NC-02 was selected for further studies based on its superior texture and appearance.
FTIR spectra
IR spectra of Inclusion complex (NC-02) is shown in Fig. 1 . Observation of the IR spectra clearly indicates that the shape and intensity of peaks of NM are largely affected when it is complexed with β-CD. The essential peaks of Nelfinavir have been shifted, and there was an intense broad peak at 3379.40 cm -1 indicating possible H bonding between NM and β-CD.
In vitro dissolution
Rapid cumulative release of 75-90 % was observed within 5 min with the NM βCD; this is very high compared to plain NM drug which released only 40 % in 90 min. NC-01-87 %, NC-02-95 %, NC-03-98 % release in 5 min. All the complex formation approaches improved in vitro dissolution.
Solubility of drug and β-CD-drug complex (NC-02)
As NM is a basic drug, it shows ionization in acidic medium and is therefore soluble in low pH solutions. Our results also showed highest solubility at pH 1.2 when compared with other buffers of higher pH. However, highest solubility was observed in water as NM is in salt form.
From the solubility study of both drug as well as Inclusion complex, it is clear that there has been significant increase in the solubility of drug in water (4.63 fold), pH 1.2 (5.32 fold) and pH 4.5 (3.64 fold) as seen in Fig 2. 
Pharmacokinetic profile
The plasma concentration -time profile of orally administered NM in 0.5 % carboxy methyl cellulose suspension and in combination with β-CD is shown in Figures 3 and 4 while corresponding pharmacokinetic parameters are summarized in Table 1 . The plasma drug concentration of orally administered NM suspended in 0.5 % CMC increased gradually whereas the complex showed rapid increase ( Table 1 ). The addition of β-CD significantly improved the area under the plasma concentration-time curve (10214.16 ± 3908.2679 to 20321.59 ± 4614.4340; p ≤ 0.05) and peak plasma concentration (2031.766 ± 649.07916 to 3420.33 ± 593.1910 ng/ml; p ≤ 0.05) of orally administered NM. This may be due to increased rate of absorption due to enhanced solubility of NM in almost all the tested buffers, which increased the dissolution rate and exposure of drug throughout the gastrointestinal tract, making it available for absorption.
The presence of β-CD significantly reduced the total body clearance of orally administered NM compared with suspension. The AUC 0-∞ for i.v administration was 1401.634 ± 480.0477 ng/ml h. The absolute bioavailability values of NM in rats administered with NM β-CD were significantly greater (p ≤ 0.05) than those from the suspension. The absolute bioavailability of NM was 18.2 % and had improved almost two-fold, that is 36.2 %, following NM β-CD administration.
DISCUSSION
The method of preparation of drug-polymer complexes has profound influence on the physical properties of the resulting complex.
Complexes obtained by solvent evaporation (NC-01) and kneading method (NC-03) were in the form of lumps and off white in color. This may be due to processing conditions. The freeze dried product (NC-02) texture was fluffy, free flowing and white in color. Hence further evaluation was carried out using the freeze dried NM β-CD complex. FTIR report confirmed the formation of NM β-CD complex. The IR spectra showed broadening of peak at 3379.40 cm -1 indicating interaction between the OH groups of cyclodextrin and NM due to formation of hydrogen bond.
The saturation solubility of drug in multimedia (Fig 2) indicates significant enhancement in solubility for the NM β-CD complex. The dissolution profiles of inclusion complexes prepared by various methods show rapid cumulative release of 75-90 % within 5 min compared to plain drug release of 40 % in 90 min.
It is apparent from studies reporting enhanced oral bioavailability employing cyclodextrins that enhancement in oral bioavailability is due to increase in dissolution kinetics and solubility. The classical Noyes Whitney dissolution expression is modified when cyclodextrin is present [16] . The presence of cyclodextrin in the vicinity of the dissolving drug particle enables the rate of dissolution to have a direct relation to an additional driving force: the difference in complex concentration at surface of the particle and in the bulk intestinal fluid.
The complex of a poorly soluble drug is usually more hydrophilic and soluble than the free drug. Apart from this, cyclodextrin complexes are generally amorphous. Compared to crystalline drug, amorphous drug is easily broken up by water molecules [19] . Rapid release of the drug in the first few minutes when compared to the pure drug could be attributed to this. The slower release for the remaining drug can be explained due to its entrapment in the host cyclodextrin inclusion complex. Apart from complexation, noninclusion phenomena such as van der Waals forces and hydrophobic interaction also contribute to formation of stable complex. Hydrogen bonds can be formed between drug molecules and hydroxyl groups on outer surface of cyclodextrin molecule [5] . The cyclodextrin molecule has glucopyranose units with hydrophilic exterior and an interior non-polar cavity. Interaction with drug leads to formation of the inclusion complex.
The results of solubility studies show highest solubility at pH 1.2 when compared with other buffers of higher pH. NM being a basic drug, its dissolution is favored at acidic pH. However, highest solubility was observed in water because of its salt form physical state. Solubilisation of poorly soluble drugs complexed with cyclodextrin, because of a rise in dissolution kinetics, is often mentioned as the reason for improved drug bioavailability when complexed with cyclodextrins and used for dosing [20] . Because pH varies throughout the gastrointestinal tract, pH-dependent solubility studies would benefit us greatly in assessing the oral bioavailability of NM β-CD complexes. The variable gastrointestinal environment can alter the effect that cyclodextrin eventually has on drug solubility. As a dosage form transits through the gastrointestinal tract, the changes in physiological environment can influence the dissolution kinetics of drugs, cyclodextrins and complexes particularly if the drug ionization is affected with changes in physiological pH [21] . The solubility study results of the inclusion complex showed increase in all gastrointestinal buffers studied thereby ensuring improved solubility in physiological medium as well.
The pharmacokinetic studies in male Wistar rats showed a remarkable increase in the AUC of NM β-CD complex compared to plain NM. The enhanced of bioavailability of NM, a BCS class IV drug having low solubility and low permeability, by complexation with β-CD can be explained as follows. Cyclodextrins enhance bioavailability of insoluble drugs by increasing the drug solubility, dissolution and/or drug permeability.
Cyclodextrins increase the permeability of lipophilic drugs by increasing the dissolution efficiency thereby leading to higher percentage of drug being absorbed. Because more of dissolved drug becomes available, it rapidly partitions into the membranes and gets absorbed. This justifies improvement of bioavailability of NM by β-CD because cyclodextrins address both solubility and permeability issues.
Pharmacokinetic studies of NM by oral administration resulted in increased extent and rate of oral absorption when NM is complexed with β-CD. The increased oral bioavailability will reflect in enhanced therapeutic outcome.
CONCLUSION
Enhanced dissolution and bioavailability of NM, a BCS class IV drug, can be achieved via complexation of the drug with β-CD. There was no significant difference in dissolution profile among the inclusion complexes prepared by various methods. Pharmacokinetic studies in male Wistar rats showed distinctly different pharmacokinetic parameters of NM-β-CD compared to NM, thereby demonstrating the enhanced bioavailability of NM and justifying the use of β-CD inclusion.
